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A SYSTEM, A SUBSYSTEM AND A METHOD FOR SUPPRESSION OF
SPECKLES IN AN IMAGING SYSTEM AND AN IMAGING SYSTEM USING
A TRANSMISSION SUBSYSTEM WITH SPECKLE SUPPRESSION
ABILITIES

TECHNICAL FIELD

[0001] The present invention relates to the field of speckle suppression and more
particularly to systems and methods with speckle suppression abilities for improved

imaging of one or more objects/surfaces.

BACKGROUND

[0002] Optical speckles noise can be defined as a granular (noise) texture appearing in
an image of one or more imaged objects/surfaces, which usually degrades image quality
related properties such as contrast and/or depth accuracy. Speckles often occur due to
uneven or roughened surface(s) texture(s) or varying roughness/reflectance values
between different surfaces of the object(s) to be imaged.

[0003] The speckle phenomena is known to further increase in cases in which the
object(s) are irradiated with coherent light such as a laser beam.

[0004] One available solution for reducing speckles formed by an imagery that uses a
coherent laser light source, by using spatial diversity techniques for creating multiple
virtual light sources of similar spectral properties and varying optical path lengths can
be taught from:

[0005] “Homogeneous and Speckle Free Laser lllumination for Range-Gated Imaging
and Active Polarimetry” to Martine Laurenzis et al., French-German Institute of Saint
Luis, Optical Engineering 51(6), 061302, June 2012; and

[0006] “Methodology for Conception of Speckle Reduction Elements in the Case of
Short Pulse Illumination” to Yves Lutz et al., http://proceedings.spiedigitallibrary.org/
on 02/15/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx.

[0007] These articles/publications teach using one or more optical elements enabling
speckle reduction by way of generating spatial diversity of multiple light sources of
similar spectral properties using a single laser source of a single emission wavelength

(WL) or narrow WL bandwidth, mainly by degrading beams coherency by forming
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multiple beams or beam parts of varying optical path lengths (OPLs) in respect to one
another.

[0008] According to the above-described methods, and based on the Goodman’s Theory
of Speckles, when using a “M” (integer) number of light sources of spectral coherency
yet OPL incoherency, the image contrast Cim can be improved by a factor of up to vm

(the square root of “m”), such that:

SCo
VM’

[0010] Assuming a “M” number of sources of identical optical properties such as

[0009] (1) SC = M>1.

identical emission WL and intensity, where SC is the image speckles contrast and SCo is
an initial image speckle contrast before the speckle reduction/suppression.

[0011] However, the number “M” can be limited by one or more system-restrictions
such as laser cavity length L., which consequentially limits the speckles
reduction/suppression ability of the system.

[0012] Another technique for speckle suppression is using spectral diversity by
illuminating the target or area of interest (AOI) with a light source of a wide spectral
range or by generating a multiplicity of beams each of a different spectral property
(emission WL). This technique is taught in “3D Imaging with Range Gated Laser
Systems using Speckle Reduction Techniques to Improve the Depth Accuracy” to B.
Johler et al., Research Institute of Optronics and Pattern Recognition, Electro-Optical
and Infrared Systems: Technology and Applications V, edited by David A. Huckridge,
Reinhard R. Ebert Proc. of SPIE Vol. 7113, 711307 - © 2008 SPIE.

SUMMARY

[0013] Aspects of disclosed embodiments pertain to a suppression subsystem for
reducing speckles in an imagery system, the suppression subsystem comprising;
[0014] an illumination setup including:

[0015] at least one light source, each light source being configured to emit light of a
narrow wavelength bandwidth;

[0016] a number of wavelength (WL) converters, each WL converter being configured
to receive at least a portion of the light emitted by one of the at least one light source
and convert spectral properties of the received at least portion of the light, wherein the
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WL converters are configured to form an array of “n” number of spectrally
differentiated input beams; and

[0017] a spectral beam combining (SBC) setup configured for beam combining of the
array of spectrally differentiated input beams emanating from the illumination setup,
outputting a combined multispectral beam comprising multiple spectrally differentiated
output beams propagated in parallel trajectories, where the suppression subsystem may
be configured to emit output light therefrom, for illuminating at least one surface of an
area of interest (AOI) in a manner that causes speckle suppression and also mitigates
spatial intensity distribution expansion affects caused due to the speckle suppression.
[0018] According to some embodiments, the SBC setup includes:

[0019] an array of “n” number of collimators;

[0020] an optical setup comprising at least one element having at least one diffractive
surface, configured for causing each of the received array of “n” number of spectrally
differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated optical beams; or

[0021] a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive input beam of a different WL “Ax”, where “k” is an index number
between 1 to n, and reflect the specific receivable input beam of WL Ak and transmit
therethrough at least all previously transmitted and reflected beams of WLs A1 to k-1,
outputting a combined multispectral (MS) beam including WLs A1 to An.

[0022] According to some embodiments, each WL converter includes an Optical
Parametric Oscillator (OPO) and/or a Raman parametric WL converter.

[0023] Each OPO may be configured to adjustably control WL of light being outputted
thereby, based on temperature control.

[0024] According to some embodiments, the suppression subsystem may further
include an angular diversity setup, configured and positioned to receive the generated
combined multispectral beam from the SBC setup, and to form a multiplicity of virtual
multispectral output sources formed over a virtual output surface, causing light from the
multiplicity of virtual multispectral output sources to impinge the at least one surface of

the AOI from different angles and at different wavelengths.
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[0025] According to some embodiments, the angular diversity setup includes a guiding
optical setup configured to directly or indirectly receive the combined multispectral
beam from the SBC setup, and to form the set of virtual light sources, each virtual light
source being steered to have a different angular propagation direction, outputting light
of spectral and angular diversity.

[0026] According to some embodiments, the angular diversity setup further includes
one or more of: a projection optical setup configured and positioned to reduce spatial
expansion of the light emanating from the guiding optical setup; and/or an injection
optical setup configured and positioned to receive the combined multispectral beam
from the SBC setup, and to direct the received combined multispectral beam such as to
pass through the guiding optical setup.

[0027] According to some embodiments, the guiding optical setup comprises one of: a
bar-type homogenizer guide element; or two lenslet arrays positioned in parallel and at a
distance “d” from one another having mutual focal lengths.

[0028] According to some embodiments, the bar-type homogenizer guide element has a
rectangular or a trapezoid shape.

[0029] According to some embodiments, the distance “d” between the two lenslet
arrays corresponds to the mutual focal length of the lenslet arrays.

[0030] According to some embodiments, the projection optical setup and/or the
injection optical setup includes one or more focusing and/or collimation lenses.

[0031] According to some embodiments, the suppression subsystem further includes an
optical path length (OPL) adjustment setup, configured and positioned to reduce mutual
coherency by causing changes between optical path lengths (OPLs) of each beam
portion of the at least one multispectral combined generated by the SBC setup.

[0032] According to some embodiments, the at least one light source of the illumination
setup includes at least one of: a laser device, a light emitting diode, a laser element.
[0033] According to some embodiments, the at least one light source is an intra cavity
or extra cavity second harmonics generation type laser device, outputting pulsed laser
light within a narrow wavelength band.

[0034] According to some embodiments, the laser device is configured for outputting

light within the visible wavelength band.
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[0035] According to some embodiments, the laser device is configured to output pulsed
light of a pulse duration that is higher than 50 nano seconds (ns).

[0036] Aspects of disclosed embodiments pertain to a method for reducing speckles in
an imagery system, using a suppression subsystem the method including at least:
[0037] providing at least one light source, configured to emit light of a narrow
wavelength bandwidth;

[0038] providing a number of WL converters, each WL converter being configured to
convert spectral properties of received light;

[0039] at each WL converter:

[0040] receiving at least a portion of the light emitted by one of the at least one light
source and converting spectral properties of the received at least portion of the light,
where the WL converters are configured to form an array of “n” number of spectrally
differentiated input beams;

[0041] receiving and beam combining of the array of spectrally differentiated input
beams emanating from the WL converters, using a spectral beam combining (SBC)
setup; and

[0042] outputting a combined multispectral beam comprising multiple spectrally
differentiated output beams propagated in parallel trajectories, where the suppression
subsystem is configured to emit output light therefrom, for illuminating at least one
surface of an area of interest (AOI) in a manner that causes speckle suppression and also
mitigates spatial intensity distribution expansion affects caused due to the speckle
suppression.

[0043] According to some embodiments, the SBC setup includes:

[0044] an array of “n” number of collimators;

[0045] an optical setup comprising at least one element having at least one diffractive
surface, configured for causing each of the received array of “n” number of spectrally
differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated optical beams; or

[0046] a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive input beam of a different WL “Ax”, where “k” is an index number

between 1 to n, reflect the specific WL Ak of the received input beam and transmit
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therethrough at least all previously transmitted and reflected WLs A1 to Ak-1, outputting a
combined MS beam including WLs A1 to An.

[0047] According to some embodiments, each WL converter includes an Optical
Parametric Oscillator (OPO) and/or a Raman parametric WL converter.

[0048] Each OPO may be configured to adjustably control WL of light being outputted
thereby, based on temperature control.

[0049] According to some embodiments, the method further includes:

[0050] receiving, by an angular diversity setup, the generated combined multispectral
beam from the SBC setup; and

[0051] forming a multiplicity of virtual multispectral output sources formed over a
virtual output surface, causing light from the multiplicity of virtual multispectral output
sources to impinge the at least one surface of the AOI from different angles and at
different wavelengths.

[0052] According to some embodiments, the angular diversity setup includes a guiding
optical setup configured to directly or indirectly receive the combined multispectral
beam from the SBC setup and form the set of virtual light sources, each virtual light
source being steered to have a different angular propagation direction, outputting light
of spectral and angular diversity.

[0053] According to some embodiments, the angular diversity setup further includes
one or more of’

[0054] a projection optical setup configured and positioned to reduce spatial expansion
of the light emanating from the guiding optical setup; and/or

[0055] an injection optical setup configured and positioned to receive the combined
multispectral beam from the SBC setup and direct the received combined multispectral
beam such as to be passed through the guiding optical setup.

[0056] According to some embodiments, the guiding optical setup includes one of’ a
bar-type homogenizer guide element; or two lenslet arrays positioned in parallel and at a
distance D from one another having mutual focal lengths.

[0057] According to some embodiments, the projection optical setup and/or the
injection optical setup includes one or more focusing and/or collimation lenses.

[0058] According to some embodiments, the method further includes causing changes

between optical path lengths (OPLs) of each beam portion of the at least one
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multispectral combined generated by the SBC setup, using an OPL adjustment setup,
for reducing mutual coherency of the beam portions.

[0059] According to some embodiments, the at least one light source of the illumination
setup includes at least one of: a laser device, a light emitting diode, a laser element.
[0060] According to some embodiments, the at least one light source is an intra cavity
or extra cavity second harmonics generation type laser device, outputting pulsed laser
light within a narrow wavelength band.

[0061] According to some embodiments, the laser device is configured for outputting
light within the visible wavelength band.

[0062] According to some embodiments, the laser device is configured to output pulsed

light of a pulse duration that is higher than 50 nano seconds (ns).

BRIEF DESCRIPTION OF THE DRAWINGS

[0063] In order to understand the presently disclosed subject matter and to see how it
may be carried out in practice, the subject matter will now be described, by way of non-
limiting examples only, with reference to the accompanying drawings, in which:

[0064] Fig. 1 is a block diagram, schematically illustrating a transmission subsystem
that includes a suppression subsystem that is based on a combination of spectral and
angular diversity for enhanced speckle suppression, in accordance with some disclosed
embodiments;

[0065] Fig. 2 is a block diagram schematically illustrating an imaging system using the
transmission subsystem of Fig. 1;

[0066] Fig. 3, schematically illustrated main components of an illumination subsystem
of a transmission subsystem that uses a single light source and a multiplicity of
oscillators for generating an array of spectrally differentiated optical beams for spectral
diversity-based speckle suppression, according to some embodiments,

[0067] Fig. 4 schematically illustrates main components of a SBC setup used in a
speckle suppression subsystem of a transmission subsystem of an imaging system that is
based on spectral beam combining (SBC), according to some embodiments;

[0068] Fig. 5 schematically illustrates main components of a SBC setup used in a

speckle suppression subsystem that uses a multiplicity of dichroic mirrors for generating
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a multi-spectral beam used for illuminating an area of interest, according to other
embodiments;

[0069] Figures 6A and 6B show an angular diversity setup for speckle suppression,
according to some embodiments: Fig. 6A show main components of the angular
diversity setup; and Fig. 6A shows a schematic illustration of the beams paths when
passed through optical elements of the angular diversity setup;

[0070] Figures 7A, 7B and 7C schematically illustrate various designs of the angular
diversity setup, according to various embodiments thereof: Fig. 7A illustrates an
angular diversity setup that includes a bar type homogenizer guide element; Fig. 7B
illustrates an angular diversity setup that includes a wedge type homogenizer guide
element; and Fig. 7C shows an angular diversity setup that uses two parallel lenslet
arrays with same focal lengths, located at a distance from one another that corresponds
to their focal length;

[0071] Fig. 8 shows a transmission subsystem having a speckle suppression subsystem
which combines spectral and angular diversity and also uses optical path lengths
adjustment, according to other embodiments;

[0072] Fig. 9 is a flowchart, schematically illustrating main steps of a method for
speckle suppression, according to some embodiments;

[0073] Fig. 10 is a flowchart, schematically illustrating main steps of a method for
speckle suppression based on SBC that is achieved by using a single light source of a
narrow wavelength bandwidth; and

[0074] Fig. 11 is a flowchart, schematically illustrating general main steps a method for

speckle suppression by spectral diversity, according to some embodiments.

DETAILED DESCRIPTION OF EMBODIMENTS

[0075] In the following detailed description, various specific details are set forth in
order to provide a thorough understanding of the presently disclosed subject matter.
However, it will be understood by those skilled in the art that the presently disclosed
subject matter may be practiced without these specific details and in various other
manners. Speckle suppression for imaging of one or more surfaces of an area of interest

(AOI), using one or more illumination sources for illuminating the AOI to be imaged,
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can be done by increasing spectral, polarization and/or angular diversity of light
projected onto the target or the at least one surface of the AOI to be imaged by the
imagery system. However, the increasing of spectral and/or angular diversity of the
irradiated light, causes the irradiated light to quickly over-expand (e.g., over-disperse
and/or over-diverge), thereby dramatically reducing the power/intensity spatial
distribution of the irradiated light, which severely limits the distance from the
illumination source to the target/AOI for enabling the proper or required illumination
for the actual imaging of the at least one surface of the AOL

[0076] Aspects of disclosed embodiments, pertain to subsystems, systems and methods
for speckle suppression for an imaging system, that aim to enable a satisfactory/required
speckle suppression while maintaining a required spatial intensity/power distribution
that enables illumination of one or more surfaces of an AOI also located at far field (FF)
traversing planes, in respect to the illumination source and/or diffraction limit of the
illumination and/or speckle suppression setups, by mitigating intensity distribution
expansion effects caused due to the speckle suppression.

[0077] Aspects of disclosed embodiments pertain to a speckle suppression subsystem
that combines at least one speckle suppression means and/or technique (such as spectral
diversity and/or angular diversity means and/or technique) with at least one means
and/or technique for reducing spatial intensity distribution expansion of the light
ultimately emitted by the speckle suppression subsystem for irradiating one or more
surfaces of an AOI, mainly for mitigating emitted light’s spatial expansion effects
caused due to the speckle suppression, while still maintaining a satisfactory speckle
suppression.

[0078] In some embodiments at least one of the speckle suppression properties may be
adjustable for enabling, for instance, reducing speckle suppression for surfaces that less
require such suppression for improving reduction of spatial intensity distribution of the
emitted light and vice versa.

[0079] According to some embodiments, there is provided a suppression subsystem for
reducing speckles in an imagery system, the suppression subsystem comprising at least:
[0080] an illumination setup comprising:

[0081] - at least one light source, each light source being configured to emit light of a

narrow wavelength bandwidth; and
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[0082] - a number of WL converters, each WL converter being configured to receive at
least a portion of the light emitted by one of the at least one light source and convert
spectral properties of the received at least portion of the light, wherein the WL
converters are configured to form an array of “n” number of spectrally differentiated
input beams; and

[0083] a SBC setup configured for spectral beam combining (SBC) of the array of
spectrally differentiated input beams emanating from the illumination setup.

[0084] The suppression subsystem may be configured to emit output light therefrom,
for irradiating at least one surface of an area of interest (AOI) in a manner that causes
speckle suppression and also mitigates spatial intensity distribution expansion effects
caused due to the speckle suppression at least in a far field traversing plane.

[0085]

[0086] Aspects of disclosed embodiments pertain to systems, subsystems and methods
for speckle suppression and systems and methods for imaging using speckle suppression
means, based at least on illumination of a target/AOI including for example,
illumination of one or more objects/targets of one or more surfaces, with a multi-
spectral illumination/beam(s) such that the target/AOI is illuminated by multiple
wavelengths from 1 to m, “m” being an integer number larger than 1, where the speckle
suppression is also done while maintaining a required reduced spatial intensity/power
distribution.

[0087] According to some embodiments, the speckle suppression may use a
combination of spectral diversity and angular diversity such that a multi-spectral (MS)
beam may be generated and then angular diversity may be formed, before outputted
from the transmission subsystem for illumination of one or more targets or surfaces in
an area of interest (AOI), such that the AOI is illuminated with a spectrally and
angularly diverse illumination/beam.

[0088] This means that embodiments of the invention aim to both reduce the temporal
coherency of the illumination of the AOI as well as to increase its angular diversity,
such that each beam, outputted from the transmission subsystem impinges a surface or a

spot at a different angular direction and at a different WL.
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[0089] Using “n” number of different WLs is estimated to reduce speckles contrast Csc

[39e 1]

by a factor of up to 1/ N Using angular diversity generating a “m” number of different

angles is estimated to reduce speckles contrast Cs by a factor of up to 1/ NS

[0090] Therefore, combining spectral diversity along with angular diversity may

improve speckles suppression by reducing the speckles contrast Csc by a factor of up to

{1 /\/ﬁ 1 /\/ﬁ}

[0091] In other embodiments, the spectral diversity may be implemented for speckle
suppression, using an illumination beam of a “n” number of WLs 0 A1 to An, for
example, by using one illumination source of a same emission WL or WL narrow
bandwidth and causing the single illumination source to be converted by conversion
means to one or more multi-spectral sources illuminating the AOI or by using multiple
spectrally differentiated light sources.

[0092] In some embodiments the speckle suppression may only include spectral
diversity, without necessarily being combined with any one or more angular diversity
based suppression means and/or techniques.

[0093] Additionally or alternatively, the spectral and angular diversity may be achieved
simultaneously by using, for example, multiple MS light sources, each emanating from
a different location for causing the angular diversity of the light used for illumination of
the object(s) located at the AOL

[0094] Whether the speckle suppression is only performed by spectral diversity and/or
by angular diversity, the disclosed speckle suppression systems, subsystems and/or
methods can be implemented such that the spectral and/or angular diversity is done in a
manner that also enables maintaining a required spatial intensity/power distribution of
the illuminated light for required distances between the illumination source(s) and the
target/AOI to be imaged.

[0095] According to some embodiments, the transmission subsystem may include, for
example: (1) an illumination subsystem configured for generating an array of input
beams, each input beam being spectrally differentiated from another; and (ii) a
suppression subsystem configured at least for suppression of speckles in the imaging

system.
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[0096] According to some embodiments, the suppression subsystem includes at least:
[0097] a spectral beam combining (SBC) setup configured to receive and beam-
combine the generated array of input beams from the illumination subsystem and output
a multi-spectral (MS) combined beam; and

[0098] an angular diversity setup configured and positioned to receive the multi-
spectral combined beam from the SBC setup and form a multiplicity of virtual MS
output sources formed over a virtual output surface, for reducing speckles in imaging of
each of one or more surfaces illuminated by the transmission subsystem and located at a
far field (FF) FF area, in respect to a location of the transmission subsystem, by causing
light from the multiplicity of virtual MS output sources to impinge the one or more
surfaces from different angles and at different wavelengths.

[0099] The angular diversity setup may also be configured to reduce mutual coherency
between the multiplicity of virtual MS output sources.

[0100] Using a spectral beam combining (SBC) for the speckle suppression for the
imagery system enables reducing spatial intensity/power distribution for maintaining a
low spatial intensity/power distribution over long distances.

[0101] According to some embodiments, the illumination subsystem may use a single
light source of a wide spectral bandwidth, a multiplicity of light sources each emitting
light at a different WL or a different narrow WL bandwidth.

[0102] For example, a single light source can be used of a narrow emission WL
bandwidth of an initial WL Ao, where each portion of the light emitted by the light
source may be converted such as to emit a different WL than that of another portion,
thereby generating an array of input beams of disrupted temporal coherency.

[0103] Reference is now made to Fig. 1, schematically illustrating a transmission
subsystem 100 for an imaging system that uses the combined SBC and angular diversity
technique, for speckle suppression. The transmission subsystem 100 may include at
least:

[0104] an illumination subsystem 110, including at least one light source configured for
generating at least one input beam; and

[0105] a suppression subsystem 120 that includes:

[0106] a SBC setup 121 configured to generate at least one multi-spectral (MS) beam,;

and
12
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[0107] an angular diversity setup 122 configured and positioned to receive the MS
beam outputted from the SBC setup and form a multiplicity of virtual MS output
sources formed over a virtual output surface, for reducing speckles in imaging of one or
more surfaces (e.g., of one or more objects or targets) in an area of interest (AOI)
illuminated by the transmission subsystem 100 and located at a far field (FF) FF area, in
respect to a location of the transmission subsystem 100, by causing light from the
multiplicity of virtual MS output sources to impinge the one or more surfaces from
different angles and at different wavelengths.

[0108] According to some embodiments, one or more diffractive means may be used by
the SBC setup for generating the at least one MS beam, requiring that an input
surface/port of the angular diversity setup will be located at a distance that is equal to or
larger than a diffraction limit Lai of the SBC setup, i.e., a distance that is equal to or
larger than a value that is proportional to the longest wavelength of the spectrum being
outputted by the SBC setup.

[0109] Fig. 2 illustrates an imaging system 1000 that includes at least:

[0110] the transmission subsystem 100 of Fig. 1; and

[0111] a receiving subsystem 200 for receiving imagery data from an area of interest
(AOI) relating to one or more surfaces of one or more targets/objects such as object S,
by using one or more optical sensors and/or detectors including at least one optical
detector such as a camera configured to detect light in one or more optical spectral
ranges such as in the infrared (IR) and/or the visible (VIS) ranges.

[0112] According to some embodiments, the imaging system 1000 may be operatively
associated with one or more processing and/or control units that may be embedded in
the imaging system 1000 and/or external thereto, such as embedded processing and
processing and control unit 300 shown in Fig, 2.

[0113] According to some embodiments, the processing and control unit 300 may be
configured at least to receive sensor data from the one or more sensors of the receiving
subsystem 200 and optionally also to analyze the received sensor data. Additionally or
alternatively, the processing and control unit 300 may be configured to control the

transmission subsystem, based on analysis of received sensor data.
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[0114] Reference is now made to Fig. 3, schematically illustrating one implementation
of the illumination subsystem 110, according to some embodiments. The illumination
subsystem 110 may include:

[0115] a single light source 111 configured to output light of a narrow wavelength
(WL) bandwidth of main WL Ao; and

[0116] a set of an “n” number of WL converters, “n” being an integer number larger

[3342]
1

than 1, each WL converter “i” 112 being configured to receive a portion of the light
outputted by the single light source 111 and shift emission WL from the main WL Ao by
a predefined desired wavelength shift AAi of a value associated with the specific “i” WL
converter, such as to form an array of spectrally differentiated input beams of different
WLs: A1 to An.

[0117] According to some embodiments, each WL converter 112 may include a
separate singly resonant optical parametric oscillator (OPO) device. In some
embodiments each OPO may be configured to control WL being outputted thereby,
based on temperature control. The OPOs may enable modes suppression/filtering
resulting in an output beam of a high beam quality of high coherency.

[0118] According to other embodiments, each WL converter may include a Raman
parametric WL converter using fiber Bragg gratings also enabling adjustable outputting
output beam of high beam quality and modes filtration/suppression.

[0119] For example, Raman fiber laser may be used for each of the WL converters. A
source pumping laser for the Raman converter is Ytterbium silica fiber laser, where its
emitting WL value can be tuned/adjust in the range of 1040-1100 nm in the spectral
domain. The pump laser is spliced to Raman laser which is usually double clad
Germanium glass fiber and two Bragg gratings for intra-cavity reflections. The Raman
fiber enables adjustment of the wavelength of the light emitted therefrom, by the Raman
shift. The process can be implemented to higher order Stokes shifts, for example, as
described in Lei Zhang,1,2 Chi Liu,1 Huawei Jiang,1,2 Yunfeng Qil, Bing He,1 Jun
Zhou,1,4 Xijia Gu,3 and Yan Fengl, “Kilowatt Ytterbium-Raman fiber laser”, Optical
Society of America, 2014, Vol. 22, No. 15| DOI:10.1364/0OE.22.018483 | OPTICS
EXPRESS, Pages 18483-18489.

14



WO 2025/062389

10

15

20

30

PCT/IL2024/050484

[0120] Spectral beam combing of several Raman fiber lasers can also be used as the
spectral diversify setup for speckle suppression, with good beam quality to mitigate the
spatial illumination expansion on the target.

[0121] The light source 111 of the illumination subsystem 110 may include a laser
device, a light emitting diode, or a laser element. According to some embodiments, the
light source 111 may include a laser device based on a frequency doubled
Nd:YLF/YAG oscillator using a Q-switch, with intra cavity or extra cavity second
harmonics generation, outputting pulsed laser light e.g., in the visible (VIS) range such
as in the green range of a wide pulse duration such as (yet not limited to) a pulse
duration that is over 50 nano seconds (ns) preferably between 100-120 ns.

[0122] According to some embodiments, the illumination subsystem 110 may
additionally include one or more optical elements and/or devices for splitting light
outputted by the single light source 111 into an array of beams of same one or more
optical properties such as emission WL, intensity, flux, spatial energy distribution
(profile), etc. and directing each beam to be received by its corresponding WL converter
112.

[0123] The illumination subsystem 110 in this case, will output an array of input beams
to be fed into the SBC setup 121 of the transmission subsystem 100 including, for
example a SBC setup for combining the array of the (spectrally differentiated) output
beams outputted from the illumination subsystem 110 for reducing spatial expansion of
the beams enabling thereby illumination of distant targets/AOIs located at FF traversing
planes, in respect to the source of illumination and/or in respect to the diffraction limit
of the SBC setup. The SBC setup 121 may be configured for limiting/reducing spatial
expansion of the input beams emanating from the illumination subsystem 110, inter
alia, by reducing spot size (in relation to the overall intensity/power distribution of the
input beams) and increasing spatial coherency of the combined beam, while maintaining
high beam quality of the combined beam outputted by the SBC setup 121 over large
distances for enabling high quality illumination and therefore imaging of the AOI or
surface(s) thereof.

[0124] Since the WL converters 112 output input beams of high beam quality, the SBC
setup 121 may be located at the diffraction limit of the WL converters 112 to preserve
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and further enhance beam quality, while reducing spot size and spatial expansion of the
incoming input beams, emanating from the WL converters 112.

[0125] According to some embodiments, the SBC setup may use at least one diffractive
mask and may be configured for multiple-diffraction of each of the input beams passed
therethrough.

[0126] One implementation of a multi-diffraction SBC is by using two separate
diffraction grating (DG) elements each DG element has a DG mask embossed and/or
imprinted over one surface thereof.

[0127] In one particular example, the light source 111 may include a an intra-cavity
second harmonics Nd:YAG/YLF Q-switched laser of energy of between 10-100mJ
/pulse. SHG crystal preferably NCPM LBO also KTP or BBO can be implemented,
having a typical pulse duration of about ~100nsec.

[0128] In some embodiments, the output wavelength of the WL converter 112 signal
may be tunable by adjusting the crystal temperature thereby controlling emitted WL of
the outputted light.

[0129] According to some embodiments the spectral range of each WL converter 112
may be between 750-920nm (nanometers), e.g., using singly resonant OPO such as
NCPM LBO, KTP, or BBO, achieving by pump long pulse width near diffraction limit
(DL) thereby maintaining high beam quality.

[0130] Fig. 4 schematically illustrates main components of a double-grating SBC setup
400 used in a speckle suppression subsystem of a transmission subsystem, according to
some embodiments. The SBC setup 400 may include:

[0131] alenslet array 401 including an array of collimating lenses configured to receive
an array of spectrally differentiated input beams from the illumination subsystem and
collimate each received input beam;

[0132] a first DG element 402; and

[0133] a second DG element 403 located at a distance from the first DG element 402.
[0134] The first DG element 402 may be positioned and configured such as to redirect
each incoming beam, outputted from the lenslet array 401, by changing its propagation
direction such that all beams will be diverted to converge (e.g., by being focused) to a
single point or spot over the second DG element 403, where the second DG element 403

may be configured and positioned to have all the beams converged thereover as well as
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to combine the beams by causing them to all propagate in parallel to one another yet at a
much more dense manner and optionally also by changing the overall spatial
distribution thereof and/or of each beam in separate, outputting a MS combined beam
10.

[0135] Using OPO converters for converting the WL of each portion of the light
emanating from a single light source may also reduce spatial expansion of the beams as
they exit the OPOs and as they are further directed and enter the SBC setup, further
improving the actual beam combining.

[0136] Any other implementation of the SBC setup may be used such as
implementations that include using a single monolithic element including at least one
diffractive mask thereover such as SBC devices disclosed in WO 2020/174461 Al to
Schiffer Zeev et al. (Elbit Systems Electro-Optics, Ltd.), which is incorporated herein
by reference in its entirety.

[0137] The total combined beam may be composed of diversity of wavelengths and
near DL beam quality, which facilitates and/or enhances the implementation of angular
diversity.

[0138] Fig. 5 schematically illustrates a different manner in which spectral diversity can
be obtained by the SBC setup 121 by using an array S0 of an “n” number of dichroic
mirrors S1-54, each being located and configured to receive input beam of a different
WL “A¢”, where “k” is an index number between 1 to n, and reflect the specific
receivable WL Ak while transmitting therethrough at least all previously transmitted
WLs. The output of such dichroic mirrors 51-54 array is a MS beam 55 preferably of a
relatively small aperture and optionally also of a long spatial coherency.

[0139] Figures 6A and 6B show an angular diversity setup 500 for speckle suppression,
according to some embodiments, using an injection optical setup 510 configured to
receive thereby the MS combined beam from the SBC setup 100/400 and direct the
received MS combined beam such as to be passed through a guiding optical setup 520
also part of the angular diversity setup 500. The guiding optical setup 520 may be
configure to have different parts of the received MS combined beam to be directed
through a different optical path within the guiding optical setup 520 such as to form a
set of virtual light sources, each virtual light source being steered to have a different

angular propagation direction at a far field (FF) traversing plane or area, in respect to
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the location of the transmission subsystem by which the angular diversity setup 500 is
used, such that each beam formed at a FF location impinges a same spot over a surface
imaged by the imagery system at a different angle and a different WL, dramatically
improving speckle suppression of the imagery of that surface and contrast between the
surface and other nearby surface(s).

[0140] According to some embodiments, the angular diversity setup 500 may further
include a projection optical setup 530 such as a focusing or collimation lens, configured
to limit or reduce spatial expansion of the light emanating from the guiding optical
setup 520.

[0141] Figures 7A, 7B and 7C schematically illustrate various designs and components
of the angular diversity setup 500, according to various embodiments thereof.

[0142] Fig. 7A illustrates an angular diversity setup 620 that includes a bar type
homogenizer guide element 621, having a rectangular cross-sectional shape. The guide
element 621 is configured for total or partial internal reflection of the MS combined
beam (MS-CB) passed therethrough, such that the angle of entrance of each WL beam
of the MS-CB is different from another (enabled by using one or more optical elements
such as focusing lens 622 and/or a collimator positioned before an entrance surface
621a of the guide element 621). The diversity in angle of entrance of the different
beams forces that each beam is directed through a different optical path, also causing a
divergence in the overall optical path length (OPL) of each beam further disturbing
spatial and time coherency. Another optical setup of one or more optical elements such
as lens 623 may be used to reduce spatial expansion of the overall light emanating from
an exit surface 621b of the guide element 621. The internal reflectivity of the guide
element 621 and the causing of multiple beams to travel through different OPLs,
generates multiple virtual light sources LSy to LSm, “m” being an integer number larger
than 1, that appear to emanate from a single flat virtual surface VS that is parallel to a
ZY plane perpendicular to an optical axis X, as shown in Fig. 7A.

[0143] As further shown in Fig. 7A, the bar-type angular diversity generates an array of
corresponding light spots 61 at a traversing plane also perpendicular to the optical axis.
[0144] The guide element 621 creates multiple virtual laser point sources LSy to LS,
which have diverse transverse locations in the projection lens focal plan (see image of

light spots 61). The transverse diversity is translated to angular diversity in the far field
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(FF) of the projection lens of the projection optical setup 530. The angular deviation of
each consecutive source may be given by AS/f , where AS is each source transverse
deviation from the adjacent one, and f is the projection lens focal length.

[0145] Fig. 7B illustrates an angular diversity setup 620’ that includes a wedge type
homogenizer guide element 621” having a trapezoid cross-sectional shape, configured
and position to generate multiple virtual light sources LS1” to LSm’ positioned over a
curved (e.g., spherical/semi-spherical) virtual surface VS’.

[0146] Fig. 7C shows an angular diversity setup 620’ that uses two parallel lenslet
arrays: a first lenslet array 621’ and a second lenslet array 622°°, located at a distance
“d” from one another that corresponds to their mutual focal length f1.

[0147] In this case, the focal length frar of each lens in the first lenslet Array 621 is
equal to the focal length fraz of each lens in the second lenslet Array 622°, both of
which are equal to distance “d” such that: frai=fra2=d. This causes a similar back and
forth reflection of the entering beams (which are beam parts of the MS-CB outputted
from the SBC setup of the suppression subsystem), where the outputted beam are
converged by an optical element such as lens 623°° of a different focal length fgr,
generating thereby an array of virtual light sources over a plane 6 that is perpendicular
to the optical axis X.

[0148] Fig. 8 shows a block diagram, schematically illustrating a transmission
subsystem 700 for illumination of an AOI having speckles and fringes suppression
abilities, according to other embodiments. The transmission subsystem 700 may
include:

[0149] an illumination subsystem 710 configured for generating an array of input
beams, each input beam being spectrally differentiated from another; and

[0150] a suppression subsystem 720 that includes:

[0151] a spectral beam combining (SBC) setup 721 configured to receive and beam-
combine the generated array of input beams from the illumination subsystem and output
a multi-spectral (MS) combined beam;

[0152] an optical path length (OPL) adjustment setup 725; and

[0153] an angular diversity setup 722, which may be configured in a similar manner to

the angular diversity setup S00 of Fig 6A.
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[0154] According to some embodiments, the OPL adjustment setup 725 may be located
before or after an injection or a projection optical setup of the angular diversity setup
722 or before the SBC setup 721 and include one or more optical elements and/or
devices, such as a stepper optical element, located and configured to change each beam
or beam portion passed through each different part thereof, such as to be directed
through a different OPL, to further increase mutual incoherency of the virtual MS light
sources formed.

[0155] The OPL adjustment setup 725 may be designed for a specific OPL adjustment
implemented as a set of one or more non-tunable optical elements such as a stepper
optical element, or implemented as a tunable/controllable OPL adjustor enabling
separate tunable/controllable adjustment per each beam portion.

[0156] In some embodiments, the OPL of each beam or beam part may be adjustably
changes creating OPL differences between the beams, e.g., by adjustably increasing or
decreasing OPL differences between the beams/beam parts by a predetermined OPL
difference AOPLj, “j” being an integer number between 1 to m and “m” being an
integer number representing the maximal number of virtual light sources formed by the
angular diversity setup 722. The OPL differences of each pair of adjacent beams of two
adjacent virtual light sources may be gradually increased/decreased such that, for
example [AOPLj- AOPL;j-1|=8, where “0” is a constant having a preset value.

[0157] According to some embodiments, in cases in which the OPL adjustment is done
to the MS combined beam outputted from the SBC setup 721 and before the MS
combined beam enters the angular diversity setup 722, each portion of the MS
combined beam may have a different WL and the OPL adjustment setup 725 may be
located and configured such as to adjust each beam portion of the MS combined beam,
meaning each different WL for passing through a different OPL, e.g., by adding or
reducing the beam portion’s OPL.

[0158] According to some embodiments, the light source(s) of the illumination
subsystem 110/710 may be configured for pulsed illumination and/or for gated or active
imaging for improving depth of field (DoF) imaging and/or control.

[0159] Fig. 9 is a flowchart, schematically illustrating main steps of a method for
speckle suppression, according to some embodiments, using a transmission subsystem.

This method includes at least the following main steps:
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[0160] providing an array of input beams of varying spectral properties (step 81);
[0161] combining all generated and spectrally differentiated input beams into a single
multi-spectral combined beam, e.g., using a SBC setup outputting a multi-spectral
combined beam (MS-CB) (step 82), for reducing overall spot size of the combined
multispectral beam (in respect to the overall spot size of the entering beams) and
increasing spatial coherency and

[0162] (optional) receiving and manipulating the multi-spectral combined beam, using
an angular diversity setup, such as to cause angular diversity of output light, outputted
from the suppression subsystem, (step 83).

[0163] The spectrally diverse and optionally also angularly diverse output light may be
outputted from the suppression setup in a manner that maintains a limited spatial
expansion of that output light, for maintaining a required spatial intensity/power
distribution of the output light.

[0164] This method may additionally include the steps of:

[0165] receiving and imaging returned light from the AOI, using a receiving system
(step 84); and

[0166] outputting imagery data of the AOI (step 85).

[0167] Fig. 10 is a flowchart, schematically illustrating main steps of a method for
speckle suppression using a transmission subsystem with a single light source of a
narrow wavelength bandwidth for obtaining an array of spectrally differentiated input
beams. This method may include the following main steps:

[0168] receiving initial input beam from a laser device of a main output WL Ao (step
91);

[23%2]
1

[0169] directing each portion “Pi” of the received initial input beam to a respective
WL converter (e.g., OPO), where “i” is an integer number between 1 to n and “n” is an
integer number larger than 1, such that each WL converter outputs an input beam of a
different WL Ai, i-1...n, generating thereby an array of spectrally differentiated input
beams (Step 92);

[0170] combining the array of spectrally differentiated input beams into a single multi-

spectral combined beam (MS-CB), e.g., using a SBC setup (Step 93); and
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[0171] (optional) manipulating the multi-spectral combined beam, using an angular
diversity setup, such as to cause angular diversity of output light, outputted from the
suppression subsystem, (step 94).

[0172] The spectrally diverse and optionally also angularly diverse output light may be
outputted from the suppression setup in a manner that maintains a limited spatial
expansion of that output light, for maintaining a required spatial intensity/power
distribution of the output light.

[0173] The method may also include the following additional steps:

[0174] receiving and imaging returned light from an area of interest (AOI) located in a
FF area in respect to the transmission subsystem, using a receiving system (step 95);
and

[0175] outputting imagery data of the AOI (step 96).

[0176] The array of spectrally differentiated input optical beams may be directed to
imping an entrance surface or one or more input ports of the SBC setup using one or
more optical means (Not Shown) such as via a corresponding array of optical fibers
connected (e.g., by splicing) to the entrance surface/ports of the SBS setup.

[0177] In some cases, the input optical beams may be directed to enter the SBC setup
such that their trajectories (propagation directions) are parallel to one another defining
thereby an optical axis parallel to their (parallel) trajectories.

[0178] Fig. 11 is a flowchart, schematically illustrating main steps of a method for
speckle suppression, using only spectral diversity, according to some embodiments.
This method includes at least the following main steps:

[0179] providing a light source of a narrow (single) WL narrow bandwidth Ao (step 21);
[0180] generating a MS beam including multiple WLs A1to An (step 22), using one or
more optical means, for illuminating an AOI; and

[0181] receiving and imaging returned light from the illuminated AOI, using a
receiving system (step 23); and

[0182] outputting imagery data of the AOI (step 24) or part thereof.

[0183] EXAMPLES

[0184] Example 1 is a suppression subsystem for reducing speckles in an imagery
system, the suppression subsystem comprising:

[0185] - an illumination setup comprising;
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[0186] at least one light source, each light source being configured to emit light of a
narrow wavelength bandwidth; and

[0187] a number of wavelength (WL) converters, each WL converter being configured
to receive at least a portion of the light emitted by one of the at least one light source
and convert spectral properties of the received at least portion of the light, wherein the
WL converters are configured to form an array of “n” number of spectrally
differentiated input beams; and

- a spectral beam combining (SBC) setup configured for beam combining of the array of
spectrally differentiated input beams emanating from the illumination setup, outputting
a combined multispectral beam comprising multiple spectrally differentiated output
beams propagated in parallel trajectories, wherein the suppression subsystem is
configured to emit output light therefrom, for illuminating at least one surface of an area
of interest (AOI) in a manner that causes speckle suppression and also mitigates spatial
intensity distribution expansion affects caused due to the speckle suppression.

[0188] In example 2, the subject matter of example 1 may include, wherein the SBC
setup comprises:

[T}

[0189] an array of “n” number of collimators;

[0190] an optical setup comprising at least one element having at least one diffractive
surface, configured for causing each of the received array of “n” number of spectrally
differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated optical beams; or

[0191] a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive input beam of a different WL “Ax”, where “k” is an index number
between 1 to n, and reflect the specific receivable input beam of WL Ak and transmit
therethrough at least all previously transmitted and reflected beams of WLs A1 to Ak-1,
outputting a combined multispectral (MS) beam including WLs A1 to An.

[0192] In example 3, the subject matter of any one or more of examples 1 to 2 may
include, wherein each WL converter comprises an Optical Parametric Oscillator (OPO)

and/or a Raman parametric WL converter.
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[0193] In example 4, the subject matter of example 3 may include, wherein each OPO
is configured to adjustably control WL of light being outputted thereby, based on
temperature control.

[0194] In example 5, the subject matter of any one or more of examples 1 to 4 may
include, wherein the suppression subsystem further comprises an angular diversity
setup, configured and positioned to receive the generated combined multispectral beam
from the SBC setup, and to form a multiplicity of virtual multispectral output sources
formed over a virtual output surface, causing light from the multiplicity of virtual
multispectral output sources to impinge the at least one surface of the AOI from
different angles and at different wavelengths.

[0195] In example 6, the subject matter of example 5 may include, wherein the angular
diversity setup comprises a guiding optical setup configured to directly or indirectly
receive the combined multispectral beam from the SBC setup, and to form the set of
virtual light sources, each virtual light source being steered to have a different angular
propagation direction, outputting light of spectral and angular diversity.

[0196] In example 7, the subject matter of example 6 may include, wherein the angular
diversity setup further comprises one or more of’

[0197] a projection optical setup configured and positioned to reduce spatial expansion
of the light emanating from the guiding optical setup; and/or

[0198] an injection optical setup configured and positioned to receive the combined
multispectral beam from the SBC setup, and to direct the received combined
multispectral beam such as to pass through the guiding optical setup.

[0199] In example 8, the subject matter of example 7 may include, wherein the guiding
optical setup comprises one of: a bar-type homogenizer guide element; or two lenslet
arrays positioned in parallel and at a distance “d” from one another having mutual focal
lengths.

[0200] In example 9, the subject matter of example 8 may include, wherein the bar-type
homogenizer guide element has a rectangular or a trapezoid shape.

[0201] In example 10, the subject matter of example 8 may include, wherein the
distance “d” between the two lenslet arrays corresponds to the mutual focal length of

the lenslet arrays.
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[0202] In example 11, the subject matter of any one or more of examples 7 to 10 may
include, wherein the projection optical setup and/or the injection optical setup
comprises one or more focusing and/or collimation lenses.

[0203] In example 12, the subject matter of any one or more of examples 1 to 11 may
include, wherein the suppression subsystem further comprises an optical path length
(OPL) adjustment setup, configured and positioned to reduce mutual coherency by
causing changes between optical path lengths (OPLs) of each beam portion of the
combined multispectral beam formed by the SBC setup.

[0204] In example 13, the subject matter of any one or more of examples 1 to 12 may
include, wherein the at least one light source of the illumination setup comprises at least
one of: a laser device, a light emitting diode, a laser element.

[0205] In example 14, the subject matter of example 13 may include, wherein the at
least one light source is an intra cavity or extra cavity second harmonics generation type
laser device, outputting pulsed laser light within a narrow wavelength band.

[0206] In example 15, the subject matter of example 14 may include, wherein the laser
device is configured for outputting light within the visible wavelength band.

[0207] In example 16, the subject matter of any one or more of examples 14 to 15 may
include, wherein the laser device is configured to output pulsed light of a pulse duration
that is higher than 50 nano seconds (ns).

[0208] Example 17 is a method for reducing speckles in an imagery system, using a
suppression subsystem the method comprising at least:

[0209] providing at least one light source, configured to emit light of a narrow
wavelength bandwidth;

[0210] providing a number of WL converters, each WL converter being configured to
convert spectral properties of received light;

[0211] at each WL converter:

[0212] receiving at least a portion of the light emitted by one of the at least one light
source and converting spectral properties of the received at least portion of the light,
wherein the WL converters are configured to form an array of “n” number of spectrally

differentiated input beams;
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[0213] receiving and beam combining of the array of spectrally differentiated input
beams emanating from the WL converters, using a spectral beam combining (SBC)
setup; and

[0214] outputting a combined multispectral beam comprising multiple spectrally
differentiated output beams propagated in parallel trajectories, wherein the suppression
subsystem is configured to emit output light therefrom, for illuminating at least one
surface of an area of interest (AOI) in a manner that causes speckle suppression and also
mitigates spatial intensity distribution expansion affects caused due to the speckle
suppression.

[0215] In example 18, the subject matter of example 17 may include, wherein the SBC
setup comprises:

[0216] an array of “n” number of collimators;

[0217] an optical setup comprising at least one element having at least one diffractive
surface, configured for causing each of the received array of “n” number of spectrally
differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated optical beams; or

[0218] a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive input beam of a different WL “Ax”, where “k” is an index number
between 1 to n, reflect the specific WL Ak of the received input beam and transmit
therethrough at least all previously transmitted and reflected WLs A1 to Ax-1, outputting a
combined MS beam including WLs A1 to An.

[0219] In example 19, the subject matter of any one or more of examples 17 to 18 may
include, wherein each WL converter comprises an Optical Parametric Oscillator (OPO)
and/or a Raman parametric WL converter.

[0220] In example 20, the subject matter of example 19 may include, wherein each
OPO is configured to adjustably control WL of light being outputted thereby, based on
temperature control.

[0221] In example 21, the subject matter of any one or more of examples 17 to 20 may
include, wherein the method further comprises:

[0222] receiving, by an angular diversity setup, the generated combined multispectral

beam from the SBC setup; and
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[0223] forming a multiplicity of virtual multispectral output sources formed over a
virtual output surface, causing light from the multiplicity of virtual multispectral output
sources to impinge the at least one surface of the AOI from different angles and at
different wavelengths.

[0224] In example 22, the subject matter of example 21 may include, wherein the
angular diversity setup comprises a guiding optical setup configured to directly or
indirectly receive the combined multispectral beam from the SBC setup and form the set
of virtual light sources, each virtual light source being steered to have a different
angular propagation direction, outputting light of spectral and angular diversity.

[0225] In example 23, the subject matter of example 22 may include, wherein the
angular diversity setup further comprises one or more of:

[0226] a projection optical setup configured and positioned to reduce spatial expansion
of the light emanating from the guiding optical setup; and/or

[0227] an injection optical setup configured and positioned to receive the combined
multispectral beam from the SBC setup and direct the received combined multispectral
beam such as to be passed through the guiding optical setup.

[0228] In example 24, the subject matter of example 23 may include, wherein the
guiding optical setup comprises one of:

[0229] a bar-type homogenizer guide element; or

[0230] two lenslet arrays positioned in parallel and at a distance D from one another
having mutual focal lengths.

[0231] In example 25, the subject matter of any one or more of examples 23 to 24 may
include, wherein the projection optical setup and/or the injection optical setup
comprises one or more focusing and/or collimation lenses.

[0232] In example 26, the subject matter of any one or more of examples 17 to 25 may
include, wherein the method further comprises causing changes between optical path
lengths (OPLs) of each beam portion of the at least one multispectral combined
generated by the SBC setup, using an OPL adjustment setup, for reducing mutual
coherency of the beam portions.

[0233] In example 27, the subject matter of any one or more of examples 17 to 26,
wherein the at least one light source of the illumination setup comprises at least one of:

a laser device, a light emitting diode, a laser element.
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[0234] In example 28, the subject matter of example 27 may include, wherein the at
least one light source is an intra cavity or extra cavity second harmonics generation type
laser device, outputting pulsed laser light within a narrow wavelength band.

[0235] In example 29, the subject matter of example 28 may include, wherein the laser
device is configured for outputting light within the visible wavelength band.

[0236] In example 30, the subject matter of any one or more of examples 28 to 29 may
include, wherein the laser device is configured to output pulsed light of a pulse duration
that is higher than 50 nano seconds (ns).

[0237] Unless specifically stated otherwise, as apparent from the above discussions, it is
appreciated that throughout the specification discussions utilizing terms such as

17313 LR N3 17313

“obtaining”, “identifying”, “performing“, “providing

EEIN3 LR N3

moving”, “instructing”,
“achieving”, receiving”, “analyzing”, “processing”, determining”, deducing”
“calculating”, and the like, or any grammatical conjugation thereof, include one or more
actions and/or processes of a computer and/or one or more processors that manipulate
and/or transform data and/or signals into other data and/or signals, said data/signals
represented as physical quantities, e.g., such as electronic quantities, and/or said data

LE I3 2%

representing the physical objects. The terms “computer”, “processor”, “processing
resource”, “processing circuitry”, and “controller” should be expansively construed to
cover any kind of electronic device with data processing capabilities, including, by way
of non-limiting example, a personal desktop/laptop computer, a server, a computing
system, a communication device, a smartphone, a tablet computer, a smart television, a
processor (e.g. digital signal processor (DSP), a microcontroller, a field programmable
gate array (FPGA), an application specific integrated circuit (ASIC), etc.), a group of
multiple physical machines sharing performance of various tasks, virtual servers co-
residing on a single physical machine, any other electronic computing device, and/or
any combination thereof.

[0238] As used herein, the phrase "for example," "such as", "for instance" and variants

thereof describe non-limiting embodiments of the presently disclosed subject matter.

[0239] Reference in the specification to "one case", "some cases", "other cases" or

variants thereof means that a particular feature, structure or characteristic described in

connection with the embodiment(s) is included in at least one embodiment of the

presently disclosed subject matter. Thus, the appearance of the phrase "one case", "some
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cases", "other cases" or variants thereof does not necessarily refer to the same
embodiment(s).

[0240] It is appreciated that, unless specifically stated otherwise, certain features of the
presently disclosed subject matter, which are, for clarity, described in the context of
separate embodiments, may also be provided in combination in a single embodiment.
Conversely, various features of the presently disclosed subject matter, which are, for
brevity, described in the context of a single embodiment, may also be provided
separately or in any suitable sub-combination.

[0241] Any reference in the specification to a method should be applied mutatis
mutandis to a system capable of executing the method and should be applied mutatis
mutandis to a non-transitory computer readable medium that stores instructions that
once executed by a computer result in the execution of the method.

[0242] Any reference in the specification to a system should be applied mutatis
mutandis to a method that may be executed by the system and should be applied mutatis
mutandis to a non-transitory computer readable medium that stores instructions that
may be executed by the system.

[0243] Any reference in the specification to a non-transitory computer readable medium
should be applied mutatis mutandis to a system capable of executing the instructions
stored in the non-transitory computer readable medium and should be applied mutatis
mutandis to method that may be executed by a computer that reads the instructions
stored in the non-transitory computer readable medium.

[0244] It is to be understood that the presently disclosed subject matter is not limited in
its application to the details set forth in the description contained herein or illustrated in
the drawings. The presently disclosed subject matter is capable of other embodiments
and of being practiced and carried out in various ways. Hence, it is to be understood that
the phraseology and terminology employed herein are for the purpose of description and
should not be regarded as limiting. As such, those skilled in the art will appreciate that
the conception upon which this disclosure is based may readily be utilized as a basis for
designing other structures, methods, and systems for carrying out the several purposes
of the present presently disclosed subject matter.

[0245] It will also be understood that the system according to the presently disclosed

subject matter can be implemented, at least partly, as a suitably programmed computer.
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Likewise, the presently disclosed subject matter contemplates a computer program
being readable by a computer for executing the disclosed method. The presently
disclosed subject matter further contemplates a machine-readable memory tangibly
embodying a program of instructions executable by the machine for executing the

5 disclosed method.
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CLAIMS
1. A suppression subsystem for reducing speckles in an imagery system, the suppression
subsystem comprising:
- an illumination setup comprising:
e atleast one light source, each light source being configured to emit light of a
narrow wavelength bandwidth; and
e anumber of wavelength (WL) converters, each WL converter being configured
to receive at least a portion of light emitted by at least one of the at least one
light source and convert spectral properties of the received portion of light,
wherein the WL converters are configured to form an array of “n” number of
spectrally differentiated input beams; and
- a spectral beam combining (SBC) setup configured for beam combining of the array
of spectrally differentiated input beams emanating from the illumination setup,
outputting a combined multispectral beam comprising multiple spectrally differentiated
output beams propagated in parallel trajectories,
wherein the suppression subsystem is configured to emit output light therefrom, for
illuminating at least one surface of an area of interest (AOI) in a manner that causes
speckle suppression and also mitigates spatial intensity distribution expansion affects

caused due to the speckle suppression.

2. The suppression subsystem of claim 1, wherein the SBC setup comprises:

an array of “n” number of collimators;

an optical setup comprising at least one element having at least one diffractive
surface, configured for causing each of the received array of “n” number of spectrally
differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated input beams; or

a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive an input beam of the spectrally differentiated input beams, each
input beam being of a different WL “Ax”, where “k” is an index number between 1 to n,

and reflect the specific receivable input beam of WL Ak and transmit therethrough at
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least all previously transmitted and reflected beams of WLs A1 to Ak-1, outputting a

combined multispectral (MS) beam including WLs A1 to An.

3. The suppression subsystem of any one of claims 1 to 2, wherein each WL converter
comprises an Optical Parametric Oscillator (OPO) and/or a Raman parametric WL

converter.

4. The suppression subsystem of claim 3, wherein each OPO is configured to adjustably

control WL of light being outputted thereby, based on temperature control.

5. The suppression subsystem of any one of claims 1 to 4 further comprising an angular
diversity setup, configured and positioned to receive the combined multispectral beam
formed by the SBC setup, and to form a multiplicity of virtual multispectral output
sources formed over a virtual output surface, causing light from the multiplicity of
virtual multispectral output sources to impinge the at least one surface of the AOI from

different angles and at different wavelengths.

6. The suppression subsystem of claim 5, wherein the angular diversity setup comprises
a guiding optical setup configured to directly or indirectly receive the combined
multispectral beam from the SBC setup, and to form the multiplicity of virtual
multispectral output sources, each virtual light source being steered to have a different

angular propagation direction, outputting light of spectral and angular diversity.

7. The suppression subsystem of claim 6, wherein the angular diversity setup further
comprises one or more of

a projection optical setup configured and positioned to reduce spatial expansion
of the light emanating from the guiding optical setup; and/or

an injection optical setup configured and positioned to receive the combined
multispectral beam from the SBC setup, and to direct the received combined

multispectral beam such as to pass through the guiding optical setup.
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8. The suppression subsystem of claim 7, wherein the guiding optical setup comprises
one of:

a bar-type homogenizer guide element; or

two lenslet arrays positioned in parallel and at a distance “d” from one another having

mutual focal lengths.

9. The suppression subsystem of claim 8, wherein the bar-type homogenizer guide

element has a rectangular or a trapezoid shape.

10. The suppression subsystem of claim 8, wherein the distance “d” between the two

lenslet arrays corresponds to the mutual focal length of the lenslet arrays.

11. The suppression subsystem of any one of claims 7 to 10, wherein the projection
optical setup and/or the injection optical setup comprises one or more focusing and/or

collimation lenses.

12. The suppression subsystem of any one of claims 1 to 11 further comprising an
optical path length (OPL) adjustment setup, configured and positioned to reduce mutual
coherency by causing changes between optical path lengths (OPLs) of each beam
portion of the combined multispectral beam formed by the SBC setup.

13. The suppression subsystem of any one of claims 1 to 12, wherein the at least one
light source of the illumination setup comprises at least one of: a laser device, a light

emitting diode, a laser element.

14. The suppression subsystem of claim 13, wherein the at least one light source is an
intra cavity or extra cavity second harmonics generation type laser device, outputting

pulsed laser light within a narrow wavelength band.

15. The suppression subsystem of claim 14, wherein the laser device is configured for

outputting light within the visible wavelength band.
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16. The suppression subsystem of any one of claims 14 to 15, wherein the laser device
is configured to output pulsed light of a pulse duration that is higher than 50 nano

seconds (ns).

17. A method for reducing speckles in an imagery system, using a suppression
subsystem the method comprising at least:

e providing at least one light source, configured to emit light of a narrow
wavelength bandwidth;

e providing a number of wavelength (WL) converters, each WL converter being
configured to convert spectral properties of received light;
at each WL converter:

e receiving at least a portion of the light emitted by at least one of the at least one
light source and converting spectral properties of the at least a portion of the
received at least a portion of the light,

wherein the WL converters are configured to form an array of “n” number of

spectrally differentiated input beams;

¢ receiving and beam combining of the array of spectrally differentiated input
beams emanating from the WL converters, using a spectral beam combining
(SBC) setup; and

e outputting a combined multispectral beam comprising multiple spectrally
differentiated output beams propagated in parallel trajectories,

wherein the suppression subsystem is configured to emit output light therefrom, for
illuminating at least one surface of an area of interest (AOI) in a manner that causes
speckle suppression and also mitigates spatial intensity distribution expansion affects

caused due to the speckle suppression.

18. The method of claim 17, wherein the SBC setup comprises:
an array of “n” number of collimators;
an optical setup comprising at least one element having at least one diffractive

surface, configured for causing each of the received array of “n” number of spectrally
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differentiated input beams to be at least twice diffracted for combining the spectrally
differentiated input beams; or

a multiplicity of dichroic mirrors, each dichroic mirror being located and
configured to receive an input beam, from the spectrally differentiated input beams,
each input beam being of a different WL “Ax”, where “k” is an index number between 1
to n, reflect the specific WL Ak of the received input beam and transmit therethrough at
least all previously transmitted and reflected WLs A1 to Ak-1, outputting a combined MS

beam including WLs A1 to An.

19. The method of any one of claims 17 to 18, wherein each WL converter comprises an

Optical Parametric Oscillator (OPO) and/or a Raman parametric WL converter.

20. The method of claim 19, wherein each OPO is configured to adjustably control WL
of light being outputted thereby, based on temperature control.

21. The method of any one of claims 17 to 20 further comprising:

receiving, by an angular diversity setup, the combined multispectral beam from
the SBC setup; and

forming a multiplicity of virtual multispectral output sources formed over a
virtual output surface, causing light from the multiplicity of virtual multispectral output
sources to impinge the at least one surface of the AOI from different angles and at

different wavelengths.

22. The method of claim 21, wherein the angular diversity setup comprises a guiding
optical setup configured to directly or indirectly receive the combined multispectral
beam from the SBC setup and form the multiplicity of virtual multispectral output
sources, each virtual light source being steered to have a different angular propagation

direction, outputting light of spectral and angular diversity.

23. The method of claim 22, wherein the angular diversity setup further comprises one

or more of*

35



WO 2025/062389

10

15

20

25

30

PCT/IL2024/050484

a projection optical setup configured and positioned to reduce spatial expansion
of the light emanating from the guiding optical setup; and/or

an injection optical setup configured and positioned to receive the combined
multispectral beam from the SBC setup and direct the received combined multispectral

beam such as to be passed through the guiding optical setup.

24. The method of claim 23, wherein the guiding optical setup comprises one of’
a bar-type homogenizer guide element; or
two lenslet arrays positioned in parallel and at a distance D from one another having

mutual focal lengths.

25. The method of any one of claims 23 to 24, wherein the projection optical setup
and/or the injection optical setup comprises one or more focusing and/or collimation

lenses.

26. The method of any one of claims 17 to 25 further comprising causing changes
between optical path lengths (OPLs) of each beam portion of the combined
multispectral beam formed by the SBC setup, using an OPL adjustment setup, for

reducing mutual coherency of the beam portions.

27. The method of any one of claims 17 to 26, wherein the at least one light source

comprises at least one of: a laser device, a light emitting diode, a laser element.
28. The method of claim 27, wherein the at least one light source is an intra cavity or
extra cavity second harmonics generation type laser device, outputting pulsed laser light

within a narrow wavelength band.

29. The method of claim 28, wherein the laser device is configured for outputting light

within the visible wavelength band.
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30. The method of any one of claims 28 to 29, wherein the laser device is configured to

output pulsed light of a pulse duration that is higher than 50 nano seconds (ns).
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